Abstract. Floods and flash floods are frequent in the South of Europe resulting from heavy rainfall events that often produce more than 200 mm in less than 24 h. Even though the meteorological conditions favorable for these situations have been widely studied, there is a lingering question that still arises: which are the sources of humidity that could explain so much precipitation? To answer this question, the regional atmospheric Weather Research and Forecasting (WRF) Model with a recently implemented moisture tagging capability has been used to analyze the main moisture sources in two famous flood events oc-5 curred during the autumn of 1982 (October and November) in the Western Mediterranean area, which is regularly affected by this type of adverse weather episodes. The procedure consists in selecting a priori potential moisture source regions for the considered extreme event, and then performing simulations with the tagging technique to quantify the relative contribution of each selected source to total precipitation. For these events we study the influence of four possible potential sources: 1)
Introduction
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The Western Mediterranean Region (WMR) is characterized by a high frequency in the occurrence of torrential rainfall episodes and floods that cause severe damages, with a very high social and economic impact (Llasat et al., 2010) . The main mechanism generating these heavy precipitation events (HPEs) is the strong instability induced by the warm and moist air that for most of the year sits over the mild Mediterranean waters, along with the presence of a low pressure system (usually produced by a 2 Methods
The WVT method and the WRF-WVT tool
From a physical point of view, the WVT method can be conceptualized as the release of a dye within the hydrological cycle representation of a meteorological model. Moisture originating from a particular source is traced until it leaves the simulation domain or precipitates, thus making it possible to know in detail the contribution of the considered source to total precipitation 5 at any point in a given model grid (Fig. 1) . From a mathematical point of view, the WVT method consists in replicating for moisture tracers the prognostic equations for total moisture. The equations for tracers are thus in Eulerian form, fully coupled to the full moisture equations, and must be solved simultaneously with them, i.e. "online". The reason for the latter is that in tracer calculations, eddy diffusivities in turbulent mixing are the same as those for full moisture, and in convection and microphysics processes, phase changes among 10 the different tracer species occur as for their full moisture counterparts, but in amounts proportional to the tracer fraction in the species undergoing the change. The WVT method is therefore an online Eulerian moisture tracking strategy, highly accurate and distinct from the most commonly used Lagrangian particle tracking methods, which are integrated offline. For specific details of the implementation of the WVT method in WRF that we use here (WRF-WVTs) and its validation, please refer to Insua-Costa and Miguez-Macho (2018) .
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Among the different scheme options available in WRF, moisture tracking is currently implemented in the Yonsei University (YSU; ) PBL scheme, the WRF-Single-Moment 6-class (WSM6; Hong and Lim, 2006 ) microphysics scheme and the Kain-Fritsch (Kain, 2004) convective parameterization. Therefore, it is mandatory to choose these three parameterizations when working with WRF-WVTs, although in a convective-resolving scale, tracers can also be used without the Kain-Fritsch parameterization. In accordance with these parameterization choices, six tracer species are considered, namely 20 tracer water vapor, cloud water, rain, snow, ice and graupel. In addition, there are also four new variables corresponding to the different types of tracer precipitation (tracer convective rainfall, tracer stratiform or grid-resolved rainfall, tracer snowfall and tracer graupel). WRF-WVTs allows moisture tracking from two-dimensional (2D) and three-dimensional (3D) sources (Fig. 1) . A 2D source refers to tagging moisture from surface evapotranspiration over a certain area. For its part, a 3D source encompasses the entire atmosphere over a region of interest, or only a part of it (for example the stratosphere), from which all exiting moisture is tagged.
Experimental design
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We consider four source regions, three two-dimensional and one three-dimensional. The three 2D source regions cover the Western Mediterranean, the Central Mediterranean and the North Atlantic evaporative sources respectively, whereas the 3D source region tags moisture advected from the tropical and subtropical Atlantic and from tropical Africa (Fig. 2a) . The 2D sources target sea evaporation; however, the tropical and subtropical regions are taken as a 3D source in order to include both evaporation and atmospheric water transport from further possibly relevant tropical or subtropical areas outside the model grid, 10 such as the Gulf of Mexico or the Arabian Sea. Special care has been taken not to tag humidity from any source twice. For example, moisture evaporated in the North Atlantic is only considered once, even when it reaches the Iberian Peninsula after traversing the 3D subtropical source region. Finally, we note that we do not contemplate all possible moisture sources, such as land evapotranspiration from different continental regions. We assume that in autumn it is very diminished and hence it does not have a potentially important contribution. and North Atlantic (yellow) two-dimensional sources and tropical and subtropical three-dimensional source (dark blue). (b) Domain for precipitation analysis. The areas highlighted in red are the most affected by the October (1) and the November event (2).
Simulations for both events start 10 days before their respective main date (October 20 and November 7), thereby allowing moisture sufficient time to evaporate and travel to the area affected by extreme rainfall (highlighted in red in Fig. 2b ). Furthermore, this 10-day period roughly coincides with the average residence time of water vapor in the atmosphere (e.g. Trenberth, (Dudhia, 1989) schemes for long and shortwave radiation, respectively, and the Noah Land Surface Model (Noah LSM; Chen and Dudhia, 2001) . Spectral nudging of the synoptic circulation in the grid (about 1000km 10 wavelength and longer) towards reanalysis has been applied to avoid distortions due to the interaction between the model's solution and the lateral boundary conditions (Miguez-Macho et al., 2004) . Moisture and tracer advection are calculated with the 5th order Weighted Essentially Non-Oscillatory (WENO; Liu, 1994) scheme with positive definite limiter. Finally, for model validation we use the MESCAN precipitation analysis dataset (Soci et al., 2016) , recently available in the ECMWF MARS (Meteorological Archival and Retrieval System) archive at 5.5 km resolution and covering our entire area of study. The October 1982 case, also known as the Tous event, was associated with a cold-core cut-off low, which had originated from an Atlantic trough and was centered aloft over Morocco on the 20th, the main day of the episode (Fig. 3b) . This configuration caused a marked increase in instability and the emergence of dynamic forcings favouring the appearance of upward air motions 20 in the Spanish Levant area, the one most affected by the torrential rains. At lower levels, the cyclone consisted of an extensive low-pressure system with center over Algeria, which organized a relatively warm ( Fig. 3a ) and very humid ( Fig. 3b ) easterly flow almost perpendicular to the coast, increasing the chances of heavy precipitation. In Fig. 3b , the high amount of TPW on the east coast of Spain is particularly noteworthy, with values well above 30 mm. All these elements provided a quasi-ideal scenario for the occurrence of deep moist convection. In fact, during October 20, a mesoscale convective complex (Maddox, 25 1980), the first identified in Europe, developed east-southeast of the Iberian Peninsula, ultimately causing the HPE (although it was finally defined as a mesoscale convective system, MCS, due to its minor dimensions, Rivera and Riosalido, 1986) . For a more in-depth analysis of the factors contributing to this event, please refer to Romero et al. (2000) . that the recorded amounts in some stations were actually much higher; however, localized peak values are smoothed out in the analyzed precipitation field, since it has a resolution of 5.5 km. Precipitation was well organized around this maximum, which is consistent with the fact that the rains were produced by an almost stationary MCS. The simulated precipitation shows a very good agreement with the observational analysis, both in amounts and spatial distribution. Therefore, despite some discrepancies, we conclude that the model reproduces the episode realistically. 
Moisture origin
Figure 5 shows at 12:00 UTC on October 20, the TPW originating from the different moisture sources considered during the previous 10.5 days, i.e. from the beginning of the simulation (00:00 UTC, October 10). Moisture from evaporation in the Western (Fig. 5a ) and Central Mediterranean (Fig. 5b) , with total content values in the 5-10 mm range in both cases, remains stagnant in the Mediterranean area, suggesting that throughout the period before the event, the flow was weak in the region as a 5 result of the prevailing anticyclonic situation. The low pressure system situated over North Africa blocks the direct advance of evaporated moisture from the North Atlantic toward the Spanish Levant area (Fig. 5c) . Notwithstanding, some of this humidity reaches the region by making its way around the cyclone, and the attained values of TPW from this source are still significant, of around 5 mm. The most important contribution from any source corresponds, however, to that of moisture advected from the tropics and subtropics (Fig. 5d) . Following the circulation around the low in North Africa, a well-defined moisture plume (Fig. 6a and 6c) , the atmospheric moisture content is dominated by evaporative input from the Western Mediterranean and the North Atlantic, and by advection from the tropics and subtropics, with the role played 5 by moisture from the Central Mediterranean being negligible. At the lowest levels of the atmosphere, evaporation from the Western Mediterranean and the North Atlantic in conjunction represent more than 60% of the existing total water vapour.
Above 800 hPa, however, moisture becomes increasingly of tropical and subtropical origin, and above 500 hPa these remote sources account for more than 50% of total humidity. As the dynamics of the event progresses, one day later ( Fig. 6b and 6d) the vertical distribution of moisture source contribution changes substantially. With the settling in of easterly flow induced by 10 the wide low pressure system over North Africa, moisture content from the North Atlantic becomes almost negligible and it's replaced by Central Mediterranean evaporation. In addition, the injection of tropical and subtropical water vapor is reinforced, clearly becoming the most relevant source in this phase of the event; its presence is very significant in the entire atmospheric column, accounting for more than 60% of the total moisture above 800 hPa. At this stage, the large amount of water present in the atmosphere at all levels is striking, with a mixing ratio of about 12 g/kg at 950 hPa. Finally, we note that the relative combined contribution of the four sources considered is always higher than 80% throughout the entire column, which agrees with our original hypothesis that other possible moisture sources are of minor importance. 
Precipitation origin
From the previous analysis, it is apparent that moisture at low levels is dominated by evaporative sources, either local (Western Mediterranean) or more distant (first from the North Atlantic, later from the Central Mediterranean), while in mid and upper layers it is mostly of remote tropical and subtropical origin, more so as the event develops. Furthermore, the contribution of this advected moisture from lower latitudes increases significantly the water vapor content throughout the column. We examine next how TPW from each origin translates into precipitation, to address the main question that we posed in this study: how much of the accumulated rainfall in the event is coming from the different analyzed sources. Figure 7 shows a decomposition of the total precipitation field in Fig. 4b according to moisture origin. The contribution from the Western (Fig. 7a) and Central (Fig. 7b) Mediterranean is approximately equal, with maximum accumulations from October, 19 to 21 exceeding 50 mm in the Spanish Levant area. Here, the amounts coming from North Atlantic evaporation (Fig. 7c) , albeit significant, barely reach 30 5 mm. In North Morocco, another of the impacted regions, the contribution of this source is, however, somewhat higher. Rainfall from tropical and subtropical origin (Fig. 7d) represents the largest share of the total in virtually the entire area affected by the event, with values well above 50 mm over a wide swath around the location of maximum precipitation in Spain.
The relative contribution of the different sources to total precipitation during the main days of the event are quantified in Table 1 If we expand the concept of "local" to include the Central Mediterranean, then the contribution from local sources practically doubles, to represent around 40% of the total. In contrast, at least 46% of precipitation originates from water evaporated in remote regions, with tropical and subtropical moisture being the most relevant (31% of the total). The four considered sources account for most of the collected rainfall, around 83%, consistently with the values seen in the previous section for water 15 vapour throughout the atmospheric column. Table 1 . Relative contribution (%) of the considered moisture sources to the accumulated precipitation from October 19 at 06:00 UTC to October 21 at 06:00 UTC in the most affected area (region 1 in Fig. 2b ).
Western Mediterranean Central Mediterranean North Atlantic Tropical and Subtropical Relative Contribution (%)
19,14 18,28 14,89 31,02
4 The November event
Synoptic situation and precipitation
As the October episode, the case of November had a very high social and economic impact, but the weather conditions leading to it were very different. There was neither cut-off low nor cold air aloft in the most affected regions by extreme precipitation
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(northeast Spain and southeast France); instead, the HPE was connected with a strong omega block pattern (Fig. 8b) . At 12 UTC November 7, the main day of the event, an extensive upper-level ridge associated with a strong surface anticyclone covered a large part of Europe, while a deep trough was located west of the Iberian Peninsula, thus leaving northeastern Spain and southwestern France in the frontal zone on its leading side. At the surface (Fig. 8a) , a very deep low-pressure system located off the coast of Galicia organized a very intense, persistent (due to the block pattern) and relatively warm low-level river, which favoured the high accumulations of rainfall. All these elements indicate that dynamic rather than thermal factors were the most relevant in this case. For a more in-depth analysis of the development of this event, please refer to Llasat (1987) and Trapero et al. (2013) . Fig. 4 but from November 6 at 06:00 UTC to November 9 at 06:00 UTC. Figure 9 shows the observational analysis (Fig. 9a) and simulated ( Fig. 9b ) precipitation during the main days of the event (November 6, 7 and 8). The spatial pattern in Fig. 9a indicates that orography played a very important role, since the maximum well above 250 mm, although, as in the October case, there were much higher amounts measured at specific locations (exceeding 400 mm in just 24 h) that are smoothed out in the analysis. In this November event, extreme precipitation affected, nevertheless, a very large region, including the Iberian Peninsula, Morocco and Southern France, and was not so local as in the episode from the previous month. This suggests that the nature of precipitation was very different in both cases; in October, it was associated with deep convection whereas in November, precipitation was mainly stratiform, with strong embedded con-5 vective cells triggered by the terrain in mountain areas. Therefore, the persistence (forced by the block pattern) and orographic lift enhancement of precipitation, together with a good supply of moisture, were the key factors in this episode. The model simulates realistically these processes and captures the actual spatial distribution and total accumulations of rainfall closely (Fig. 9b ).
Moisture origin
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Figure 10 shows at 12:00 UTC, November 7, the TPW generated from each considered origin from the beginning of the simulation, 10.5 days before (October 28, 00:00 UTC). The deep low-pressure system located off the coast of Galicia picks up moisture from all the sources and redistributes it in different ways. TPW from evaporation in the Western (Fig. 10a) and Central
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Mediterranean (Fig. 10b) is advected due northwest, across France and the British Isles and finally transported into the Atlantic following the cyclonic circulation around the low. The Iberian Peninsula lies only marginally within this path, and as a result, the amount of TPW from the Western Mediterranean is small there, less than 5 mm in Catalonia, and negligible for moisture from the Central Mediterranean. However, in southeast France, the other region most affected by the rains, the contributions from these two sources are substantially more relevant, with values of more than 10 mm of western Mediterranean TPW in the 5 vicinity of the Gulf of Lion. Meanwhile, North Atlantic moisture is transported in large amounts toward the Iberian Peninsula by the intense south-westerly flow associated with the low (Fig. 10c) , and TPW from this origin attains values of around 15 mm in the western Iberian margin. Some of this Atlantic water vapor extends to the Mediterranean and France with diminished amounts of TPW, below 10 mm. Finally, as in the October case, the most important contribution to TPW corresponds to that of moisture advected from the tropics and subtropics (Fig. 10d) . A well-defined moisture plume or atmospheric river enters the The vertical distribution of water vapour from the different sources is shown in Fig. 11 , which is analogous to Fig. 6 for the October case. The analysis is now performed over the region labelled 2 in Fig. 2b , the one most affected by the torrential rains. At the beginning of the episode (November 7 at 00:00 UTC, Fig. 11a and 11c tropics and subtropics, becoming predominant in mid and upper layers above that level. At a more advanced stage of the event,
on November 8 at 00:00 UTC ( Fig. 11b and 11d ), Western Mediterranean evaporation remains in the boundary layer and loses importance while North Atlantic water vapor gains relevance throughout the column. For its part, tropical and subtropical advection becomes clearly the most abundant type of moisture at all levels. At this late stage of the event, these three sources alone account for about 90% of TPW. Central Mediterranean evaporation and other sources not considered are irrelevant. The 5 important contribution of remote moisture transport from the Atlantic (including the tropics and subtropics) at mid and upper levels corroborates the hypothesis made from qualitative observations in the first in depth investigation of this event (Llasat, 1987 (Llasat, , 1991 . Finally, we note that mixing ratios are high throughout the entire atmospheric column, reaching 8 g/kg at 950 hPa; a significantly lower value, nonetheless, than in the October case. 
Precipitation origin
With regards to the origin of precipitation, Figure 12 shows the share corresponding to each considered source. The largest contributions are clearly from North Atlantic (Fig. 12c ) and tropical and subtropical moisture (Fig. 12d) . North Atlantic water vapor is found in significant amounts in rainfall in all the affected areas, and it's by far the dominant source in the western half of the Iberian Peninsula, the most exposed to the west-southwesterly flow of the storm off shore. Precipitation of tropical 5 and subtropical origin extends along the path of the atmospheric river discussed in the previous section, in a band stretching from the strait of Gibraltar all the way to the Alps, covering most of the eastern half of the Iberian Peninsula and southeast
France. In all these regions, moisture from the North Atlantic is also a significant source, but tropical and subtropical water vapor is clearly the most important contribution. In the north-eastern tip of the Iberian Peninsula and southeast France there is a relevant additional input from Western Mediterranean humidity (Fig. 12a) , and in the French Massif Central, even modest 10 precipitation amounts from Central Mediterranean evaporation (Fig. 12b) . These areas where all major source contributions overlap are precisely the most impacted by the event and where the highest rainfall accumulations were recorded. Table 2 shows the area averaged relative contribution of each source over northeast Spain and southeast France (region number 2, outlined in red in Fig. 2b , the same used for the vertical distribution of moisture analysis in Fig. 11 caused the rainfall in these areas to be even higher, so they ultimately were the most damaged areas.
• As for the distinction between remote and local sources, in the October event the contribution of both was similar whereas in the November case the largest share was clearly from remote sources.
• Moisture transport at medium and high levels played a key role in producing the observed large amounts of rainfall. Most water vapor at these layers resulted from long distance advection from the tropics and subtropics, which, as mentioned above, was the main source for the extreme precipitation. There were also high mixing ratios from this remote origin at lower layers, but the maximum values were at medium levels of the atmosphere.
• In the lower layers of the atmosphere, moisture was generally mostly from local evaporative sources in the Western and
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Central Mediterranean, while water vapour from evaporation in the North Atlantic was distributed at different levels.
• In both cases, moisture from the tropics and subtropics was transported through very defined moisture plumes or atmospheric rivers.
• The combination of high water vapor content at low levels from local sources and at middle and upper levels from remote sources yielded very large values of total precipitable vapor in the column in both events, but more so in the October 10 case.
Our results suggest that the role played by remote sources is fundamental in producing the extraordinary rain accumulations observed in this type of extreme events and that the contribution of local Mediterranean sources is not sufficient to reach such high values. To verify this hypothesis, many more episodes should be analysed. In this sense, this work is intended as a first step in applying the water vapor tracer method to many other cases in order to obtain more robust conclusions. Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A. C., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hólm, E. V., Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., Mcnally, A. P., Monge-Sanz,
